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Abstract 
This work is aiming to ameliorate performance of a wind energy conversion systems (WECS), based on double fed 
induction generator (DFIG), and extract power over wide range of speed variation. Indeed, the power of DFIG by two 
indirect converters associated with the principle of power distribution can operate the system conversion in a wide 
range of speed variation. The solution is attractive because it can raise the power density of the generator to twice its 
nominal power and consequently the size and cost of the system is reduced, another advantage is that the system is 
decoupled with electrical network, so the disturbances of the latter do not affect the DFIG.  After modeling different 
parts of WECS, we proceed to the system control using MPPT with optimal operating point (OOP) method. 
Simulation work is carried out on the software MATLAB/Simulink and the results confirm the validity and reliability 
of the power structure and the control strategy used. 
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1. Introduction: 
The conversion of wind energy into electrical energy is becoming increasingly important and several 
researches are being done in this area, because the nature of this energy is clean and renewable [1-2]. One 
can notice an average growth rate of about 30% for installed wind turbines in the past 10 years. At the end 
of 2020, the installed capacity of wind turbines is expected to be around 1900 GW [3]. 
Variable speed wind energy conversion systems (VSWECS) have many advantages over fixed speed ones 
such as increased energy capture capability of operation at maximum power point (MPPT), improved 
efficiency and power quality [4]. Literature shows the great interest shown in the double-fed induction 
machine (DFIM) for various applications, specifically in the WECS  Indeed, most  work on this machine 
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have  been  the  subject  of the   study  of  the structure where the stator is directly connected to the 
network and the rotor powered by a power electronics converter The advantage of this solution is that the 
converter is sized at 30% of the rated power of the system and therefore the variation of speed limit near 
the speed of synchronization [5-6]. However, the objective of this work is to operate the DFIM in a wide 
range of speed variation, for application in wind energy; for this, the machine is connected through two 
converters (AC/DC/AC) with PWM control as shown in fig(1).   The two rectifiers are delivering the 
power through a common DC-bus for the inverter. So the inverter used is sized to give the total power 
passing through rectifiers. Another case is a structure very similar to the previous; each indirect converter 
consists of a rectifier-DC bus-inverter, each rectifier debits power on its own inverter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Semiconductors used depends on power level passing converters; for low powers are used IGBT.  For 
high power Converters based on IGCT or GTO semiconductors can be used. Variable-speed drives with a 
rated power up to 40MW (IGCT) or 100MW (GTO) have been installed. A disadvantage of these 
semiconductor types is their lower switching frequency, compared with IGBT’s. [5]  
2. Modeling of the wind generator 
2.1. Power from wind turbine 
A wind turbine catches the wind through its rotor blades and then transfers the power from the rotor 
blades to the rotor hub. The rotor hub is attached to a low-speed shaft which conveys the power to a high 
speed shaft through a gear box. The high-speed shaft drives an electric generator to convert the 
mechanical energy to electrical energy and send the electric power to the grid .Under variable wind 
conditions, the power captured, converted, and transmitted to the gird also varies [7]. The aerodynamic 
power, which is converted by a wind turbine 𝑃௧, is given by [8]. 
𝑃௧ =
ଵ
ଶ
𝐶௣(𝜆)𝜌𝜋𝑅ଶ𝑉௪ଷ                                                                                                                       (1) 
Where 𝜌 is the air density, R the blade length and 𝑉௪ is the wind velocity, 𝐶௣ is the performance 
coefficient, it has been approximated using the flowing non-linear function: 
𝐶௣ = (0.44 − 0.0176𝛽) sin ቀ
గ(ఒିଵ)
ଵହି଴.ଷఉ
ቁ − 0.00184(𝜆 − 1)𝛽                                                                    (2) 
Fig (1): DFIG entirely interfaced with network integrated in WECS  
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In this work the pitch angle 𝛽 is fixed to zero (𝛽 = 0) so the expression of performance coefficient 
simplified as fallow:
𝐶௣ = 0.44 sin ቀ
గ(ఒିଵ)
ଵହ
ቁ (3)
λ is tip speed ration expressed as:
𝜆 = ோ௏ೢ
ఆ೟
(4)
The turbine torque is the ratio of the output power to the shaft speed
𝑇𝑡 = 𝑃𝑡𝛺𝑡 (5)                 
The turbine is normally coupled to the generator shaft through a gearbox whose gear ratio G is chosen in
order to set the generator shaft speed within a desired speed range. Neglecting the transmission losses, the 
torque and shaft speed of the wind turbine, referred to the turbine side of the gearbox are given by:
𝛺௧ =
ఆ೒
ீ
And       𝑇௚ = 𝐺𝑇௘௠ (6)
And the dynamic equation is given as:
𝐽 డఆ೟
డ௧
= 𝑇௧ − 𝑇௚ − 𝑓𝛺௧ (7)
Such as 𝑓 is the viscous friction coefficient.
2.2. Maximum power point tracking (MPPT) With OOPC 
Optimal operating point control is a method of MPPT, used to extract maximum power from wind 
using optimal condition; so the tip speed ration must be set to its maximum value 𝜆஼೛೘ೌೣ , which 
corresponds to the maximum power coefficient 𝐶௣௠௔௫ [9].
For these optimal conditions, the electromagnetic reference torque applied to the DFIG is expressed as
follows:
𝑇௘௠∗ =
଴.ହ ஼೛೘ೌೣ ఘగோఱఆ೒మ
ఒ಴೛೘ೌೣ
య ீర
(8)
And the optimal mechanical power can be expressed as:
𝑃௧_௠௔௫ =
଴.ହ ஼೛_೘ೌೣ ఘగோఱఆ೒య
ఒ಴೛_೘ೌೣ
య ீయ
(9)
Figure (2) shows the diagram of the wind turbine associated with the technique of maximum power 
extraction based on OOPC
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Fig (2): Diagram model of the wind turbine with OOPC
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3. The DFIG model 
Two-phase equivalent model of the DFIG represented in the dq reference linked to the rotating field is 
given as follows [10]:  
 
⎩
⎪
⎨
⎪
⎧𝑣௦ௗ = 𝑅௦𝑖௦ௗ + 𝑆𝜑௦ௗ − 𝜔௦𝜑௦௤             
𝑣௦௤ = 𝑅௦𝑖௦௤ + 𝑆𝜑௦௤ + 𝜔௦𝜑௦ௗ             
𝑣௥ௗ = 𝑅௥𝑖௥ௗ + 𝑆𝜑௥ௗ − (𝜔௦ − 𝜔)𝜑௥௤
𝑣௥௤ = 𝑅௥𝑖௥௤ + 𝑆𝜑௥௤ + (𝜔௦ − 𝜔)𝜑௥ௗ
                                                                                         (10) 
With 𝑆: Laplace Operator 
In order to achieve good decoupling between the axes d and q, we define intermediate voltages as 
follows:  
ቐ
𝑣௦ௗ −
ெ
௅ೝ
𝑣௥ௗ = 𝑣௧௦ௗ
𝑣௥ௗ −
ெ
௅ೞ
𝑣௦ௗ = 𝑣௧௥ௗ
                                                                                                                     (11)          
ቐ
𝑣௦௤ −
ெ
௅ೝ
𝑣௥௤ = 𝑣௧௦௤
𝑣௥௤ −
ெ
௅ೞ
𝑣௦௤ = 𝑣௧௥௤
                                                                                                                      (12) 
Coupling terms appear to compensate; 𝑃ଵௗ, 𝑃ଵ௤, 𝑃ଶௗ, 𝑃ଶ௤, these expressions allow to obtain relations 
between the intermediate voltages and the stator and rotor currents in d or q axes. 
So: 
⎩
⎪
⎨
⎪
⎧𝑣௧௦ௗ = 𝑅௦(1 + 𝑆𝑇௦𝜎)𝑖௦ௗ + 𝑃ଵௗ
𝑣௧௦௤ = 𝑅௦(1 + 𝑆𝑇௦𝜎)𝑖௦௤ + 𝑃ଵ௤
𝑣௧௥ௗ = 𝑅௥(1 + 𝑆𝑇௥𝜎)𝑖௥ௗ + 𝑃ଶௗ
𝑣௧௥௤ = 𝑅௥(1 + 𝑆𝑇௥𝜎)𝑖௥௤ + 𝑃ଶ௤
                                                                                                   (13) 
With: 
Ts= Ls / Rs; stator electrical time constant; 
Tr = Lr / Rr; rotor electrical time constant; 
σ = (1-M2/ (Lr.Lr)); dispersion coefficient. 
4. Model of the network link 
The DFIG is connected to the grid through, three PWM converters, DC bus and a filter, as shown in 
Figure (1). 
x Converters  model 
The matrix giving the model of powers electronics converters used is expressed as follows: 
൥
𝑣௔௡
𝑣௕௡
𝑣௖௡
൩ = ଵ
ଷ
𝑢ௗ௖ ൥
1 −1 0
0 1 −1
−1 0 1
൩ ൥
𝑆௔
𝑆௕
𝑆௖
൩                                                                                                          (14) 
x DC bus model 
The equation giving the model of the DC bus is given as follows: 
𝑢௖ =
ଵ
஼ ∫ 𝑖௖𝑑𝑡                                                                                                                                                   (15) 
Such as: 
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𝑖௖ = (𝑖௠ − 𝑖௚)                                                                                                                                 (16) 
𝑖௠ : Sum of the currents modulated by the two machine side converters 
𝑖௚ : Current modulated by the grid-side converter. 
x Filtre model  
The filter model in the park mark is given as follows: 
ቐ
𝑣௠ௗ = 𝑅௧𝑖௧ௗ + 𝐿௧
ௗ௜೟೏
ௗ௧
− 𝐿௧𝜔௦𝑖௧௤ + 𝑣௣ௗ
𝑣௠௤ = 𝑅௧𝑖௧௤ + 𝐿௧
ௗ௜೟೜
ௗ௧
− 𝐿௧𝜔௦𝑖௧ௗ + 𝑣௣௤
                                                                                      (17) 
Filter currents are regulated by PI controllers. Their references are calculated from the active and reactive 
power reference as shown in the following equations: 
൞
𝑖ௗ௚∗ =
௉೒∗௩೏೒ାொ೒∗ ௩೜೒
௩೏೒
మ ା௩೜೒మ
𝑖ௗ௚∗ =
௉೒∗௩೜೒ିொ೒∗ ௩೜೒
௩೏೒
మ ା௩೜೒మ
                                                                                                                        (18) 
5. Vector control of the DFIM 
A vector controlled doubly fed induction machine is an attractive solution for high restricted speed 
rang electric drive and generation application, it consists in guiding an electromagnetic flux of the DFIM 
along the axis d or q.[6] In our case we choose the direction of reference (d,q) according to the direct 
stator flux vector 𝜙௦ௗ , so the model of steady DFIM will be simplified as follows: 
 
⎩
⎨
⎧
𝑣௦ௗ = 𝑅௦ௗ𝑖௦ௗ                               
𝑣௦௤ = 𝑅௦𝑖௦௤ + 𝜔௦𝜙௦ௗ                
𝑣௥ௗ = 𝑅௥𝑖௥ௗ − 𝜔௥𝜙௥௤                 
𝑣௥௤ = 𝑅௥𝑖௥௤ + 𝜔௥𝜙௥ௗ                 
                                                                                            (19) 
Such as: 
 𝜔௥ = 𝜔௦ − 𝜔                                                                                                                              (20) 
The magnetization of machine is assured by the rotor direct current, so the stator current in the d axis is 
taken to zero (𝑖௦ௗ = 0 ). The current and voltage in this line are then in phase: 
𝑣௦௤ = 𝑣௦  and   𝑖௦௤ = 𝑖௦                                                                                                               (21) 
In this case we obtain a unity power factor at the stator, so the stator reactive power is zero Qs = 0.These 
simplifications lead to the electromagnetic torque expression: 
𝑇௘௠ = 𝑝𝜙௦𝑖௦௤                                                                                                                               (22)             
6. powers distribution 
The distribution of stator and rotor active powers is a requirement in the control strategy to be applied. 
Indeed, this allows increasing the range of speed variation and the power density of the machine. Such as 
if the stator and rotor resistance windings terms are neglected, the following relationship is imposed: 
|௉ೞ|
|௉ೝ|
= |ఠೞ|
|ఠೝ|
                                                                                                                                        (23) 
Therefore, the stator and rotor actives powers distribution of the DFIG, involves the stator and rotor 
pulses distribution and vice versa. Working with a slip equal to -1 we obtain the following relationship: 
ఠೞିఠ
ఠೞ
=  ఠೝ
ఠೞ
= −1                                                                                                                           (24) 
So: 
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 𝜔௦ = −𝜔௥ =
ఠ೐
ଶ
                                                                                                                            (25) 
The diagram representing the complete system with the control strategy applied, is given by figure (3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Direct measurement of the machine speed allows generating the stator and rotor pulsations by using the 
relationship (31), such as 𝜔௦ = 𝑝𝜔௠. 
The generator side PWM converters control the generator torque and speed by adjusting the d-q axis 
currents in the stator and the rotor [13].  
7. Simulation results and discussion 
The mathematical model of WECS is implemented on MATLAB / Simulink for a wind speed that 
is given in fig.4. The simulation is performed for a period of time of 10 s.  The following figures 
show the simulation results.  
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Fig.5. illustrates the speed of the DFIG, as we can notice that the machine operates in a wide range of 
speed variation, up to twice its nominal speed. The electromagnetic torque of the DFIG and the reference 
torque are given by Fig.6. in fact the electromagnetic torque varies with the rotational speed variation of 
the machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The stator, rotor, turbine and grid powers of WECS are shown in Fig.7. As we can see that the power 
injected to the grid equal to the mechanical power provided by the wind turbine, of course without taking 
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into account the different losses. We also note that; for a nominal torque and rotational speed of the 
machine equal to twice its rated speed, the electrical power produced by the DFIG equal to twice its rated 
power. Other hand the stator and rotor electric powers are almost equal, the slight difference is due to the 
stator resistance that is greater than the  rotor  resistance, and  we  note that  the   grid power equal to the 
sum of the stator and rotor actives powers. 
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The voltages and currents zoom injected to the network are given by the fig.9. and fig.10. There 
frequencies equal to 50 Hz. 
The stator flux in the direct axis equal to the average of 0.7 𝑊𝑏 while the quadrature flux is zero, this 
justifies the control law used in guiding the flux along of stator direct axis. 
8. Conclusion 
The work realized shows the advantages of integrating of DFIG entirely interfaced with the grid, by 
feeding it with two indirect PWM converters; such as according to the simulation results we conclude that 
the control strategy associated with the powers distribution law allow extracting the maximum power 
over wide range of speed variation. The DFIG feed structure is an economical solution because the 
machine is not a consumer of reactive power, but it can provides us, and it is electrically decoupled with 
electric network, so the disturbances of the latter do not affect the DFIG. 
Increasing the power density allows to reduce the size of the whole of WECS and therefore the cost of 
the installation is reduced. 
Nomenclature 
𝐶௣: Performance coefficient 
𝑓: Viscous friction 
𝐺: Gearbox ration 
𝑖௦ௗ, 𝑖௦௤, 𝑖௥ௗ, 𝑖௥௤: Direct and quadrature of stator and rotor current 
𝑖௧ௗ, 𝑖௧௤: Direct and quadrature grid current 
𝐽: Inertia 
𝑃௚: Grid power 
𝑃௥: Rotor power 
𝑃௦: Stator power 
𝑃௧ : Turbine power 
𝑅: Turbine radius 
𝑇௘௠: Electromagnetic torque 
𝑇௘௠∗  : Reference torque 
𝑇௚: Generator torque 
𝑇௧: Turbine torque 
𝑢௖ : DC link voltage 
𝑣௠ௗ, 𝑣௠௤: Direct and quadrature voltages modulated by the inverter 
𝑣௣ௗ, 𝑣௣௤: Direct and quadrature grid voltages 
𝑣௦ௗ, 𝑣௦௤, 𝑣௥ௗ, 𝑣௥௤: Direct and quadrature of stator and current voltages 
𝑉௪: Wind speed 
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𝛽: pitch angle 
𝜆: Tip ration speed 
𝜌: Air density  
𝜑௦ௗ, 𝜑௦௤, 𝜑௥ௗ, 𝜑௥௤: Direct and quadrature of stator and rotor flux 
𝛺௧: Turbine speed 
𝛺௚: Generator speed 
𝜔௦, 𝜔௥: Stator and rotor pulsation 
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Appendix  
WECS Parameters 
𝐺 = 45; 𝑅 = 8 𝑚;  𝑓 = 0.0024 𝑁. 𝑚. ௦
௥ௗ
;  𝐽 = 100 𝐾𝑔. 𝑚ଶ;  𝐿௦ = 0.01545 𝐻;  𝐿௦ = 0.01545 𝐻;   
𝑀 = 0.0151 𝐻; 𝑝 = 2 ; 𝑃௡ = 75 𝑘𝑊; 𝑅௦ = 0.03552; 𝑅௥ = 0.02092 𝛺; 𝑅௦ = 0.03552 𝛺;  
𝑈௡ = 400 𝑉;U = 1.22 𝑘𝑔/𝑚3.  
